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ABSTRACT
Effect of fuel vaporization on the exhaust emission levels of
oxides of nitrogen (NOX), carbon monoxide, total hydrocarbons, and
smoke number were obtained in an experimental turbojet combustor seg-
ment. Two fuel injector types were used in which liquid ASTM A-l Jet
fuel and vapor propane fuel were independently controlled to simulate
varying degrees of vaporization. Tests were conducted over a range
of inlet-air temperatures from kjQ to TOO K (860 to 1260° R), pres-
sures from k to 20 atmospheres, and combustor reference velocities
from 15.3 to 27.U m/sec (50 to 90 ft/sec). Converting from liquid
to complete vapor fuel resulted in NOX reductions as much as 22 per-
cent and smoke:number reductions up to 51 percent.
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SUMMARY
Effects of fuel vaporization on the exhaust emission levels of
an experimental combustor segment were determined. Test conditions
were inlet-air temperatures from kjQ to TOO K (860 to 1260° R), pres-
sures from k to 20 atmospheres, combustor reference velocities from
15.3 to 27.k m/sec (50 to 90 ft/sec) and vaporization percentages
from 0 to 100. The degree of vaporization was simulated by varying
the ratio of liquid ASTM A-l jet fuel and vapor propane fuel intro-
duced into the combustor through dual concentric fuel injectors. Two
different dual fuel injector designs were investigated. In the first
configuration the liquid fuel was introduced through a simplex noz-
zle located at the center of the assembly and vapor fuel was injected
through a series of 8 evenly-spaced holes located on a diameter con-
centric with the simplex orifice. The second configuration was a
commercial duplex nozzle with liquid fuel supplied through a small
center orifice and vapor fuel supplied through a larger annular ring.
Exhaust emission levels comparisons between all liquid fuel and
all vapor fuel operation are presented. Results with all vapor fuel
using the first fuel nozzle injector indicate that:
(1) The oxides of nitrogen emission index level was reduced up
to 22 percent at high inlet-air temperatures.
(2) At conditions corresponding to engine idle both the carbon
monoxide and total hydrocarbons emission index levels were reduced 36
percent.
(3) At the most severe smoking condition (20 atmospheres pres-
sure ) the smoke number was reduced 51 percent.
(U) Similar reduction in emission levels were observed with the
second fuel nozzle geometry as the proportion of vapor propane was
varied from 0 to 100 percent.
Although substantial reductions in exhaust emission levels were
experienced, the decrease was not as large as anticipated - probably
because of inadequate control of the primary zone equivalence ratio.
Careful control of the mixing process will also be required to obtain
more substantial emission reductions with vaporized fuel.
INTRODUCTION
An experimental investigation was undertaken at the NASA Lewis
Research Center to determine the effect of substituting vapor fuel
for liquid fuel on the emission level of an experimental gas turbine
combustor. The turbojet combustor emission products that are of
primary concern for hydrocarbon fuels are the oxides of nitrogen
(NOX), carbon monoxide (CO), total hydrocarbons (THC), and smoke
number (Ref. 1). The relative level of these emission products de-
pends on many factors including the fuel preparation, distribution,
mixing, and recirculation patterns within the reaction zone. The com-
bustion characteristics are effected by the inlet combustor operating
conditions which are dependent on the engine compressor pressure
ratio, power output, flight speed, and altitude.
In a turbojet combustor the formation of CO, THC, and smoke num-
ber are the result of incomplete reaction- the formation of WOX is
primarily dependent on the flame temperature and residence time. At
idle and low power output (low combustor inlet-air temperature and
pressure) the CO and THC are highest due to low combustion efficiency.
At high power output (high combustor inlet-air temperature and pres-
sure) the NOX and smoke number levels increase and become the pre-
dominating pollutants. At high power output combustion depends pri-
marily on the mixing process between fuel and air rather than on chem-
ical kinetic limitations (Ref. 2). Thus, techniques which improve
mixing should reduce emissions of CO and THC by enhancing complete
reaction between fuel and air. The oxides of nitrogen can be reduced
by providing a lean uniform primary zone equivalence ratio. One tech-
nique to obtain a more uniform equivalence ratio is to prevaporize the
fuel to eliminate hot zones which are associated with localized liquid
droplet burning.
In order to determine effects of fuel vaporization on perfor-
mance, a segment of an experimental combustor was operated at inlet
temperature levels to 700 K (1260° R) and pressures to 20 atmospheres.
The combustor operates with intense primary zone mixing with most of
the air introduced by swirlers concentric with the fuel nozzles as
described in reference 3. Vaporized propane was used to simulate
vaporized liquid jet fuel. Propane was chosen since it is relatively
easy to handle and burning characteristics are similar to the majority
of the constituents of jet fuel. Two different fuel nozzles were
used in which liquid ASTM A-l jet fuel and vapor propane fuels were
independently controlled to simulate varying degrees of vaporization.
Data- were obtained for the effects of fuel vaporization on the ex-
haust emission levels of oxides of nitrogen, carbon monoxide, total
hydrocarbons, and smoke number. A more detailed description of the
subject research effort is described in reference U.
APPARATUS AND PROCEDURE
Test Facility and Instrumentation
The test combustor was mounted in the closed-duct facility de-
scribed previously in reference 3 and- shovn in figure 1. Tests were
conducted up to pressure levels of 20 atmospheres. Combustion air
drawn from the laboratory high pressure supply system was indirectly
heated up to TOO K (1260° R) in a counter-flow U-tube heat exchanger.
The temperature of the air flowing out of the heat exchanger was
automatically controlled by mixing the heated air with varying
amounts of cold by-passed air. Airflow through the heat exchanger
and by-pass flow system and the total pressure of the combustor inlet
air-flow were regulated by remote controlled valves.
Combustor instrumentation;stations are also: Shown: in figure..1.
The inlet-air temperature was measured at station A with eight
chromel-alumel thermocouples. Inlet-total pressures were measured at
the same station by four stationary rakes consisting of three total-
pressure tubes each. The total-pressure tubes were connected to dif-
ferential pressure strain gage transducers that were balanced by wall
static pressure taps located at the top and bottom of the duct. Com-
bustor outlet temperatures, pressure, and smoke sample were obtained
with a traversing exhaust probe mounted at station C. The probe con-
sisted of 12 elements: five aspirating platinum-platinum-13 percent
rhodium total-temperature thermocouples, five total-pressure probes,
and two wedge-shaped static pressure probes. A portion of the aspi-
rated exhaust was by-passed for use as a smoke sample indication. At
station D a four-point air-cooled probe was located to provide the
exhaust emission gas sample. Station D was located 0.91^ - m (36 in.)
downstream of the combustor exhaust in a circular pipe with a diameter
of 0.508 m (20 in.).
Test Hardware
Combustor. - The combustor used in this investigation was simi-
lar to Combustor Model. Number 3 of reference 3 with the faceplate
slightly modified to accomodate different fuel nozzle injectors. A
schematic of the combustor is shown in figure 2. The combustor liner
was composed of a series of panels which are independently supported
from the outer wall as shown in figure 2(a). The combustor has an
inlet snout area which was 1*0 percent of.the combustor inlet area.
The main portion of the airflow entering the snout passed through air
svirlers. A small portion, approximately 6 percent of the total flow
was used to film cool the sides of the combustor. The combustor liner
walls were film cooled by means of continuous slots. The dilution air
was admitted by means of external scoops. The mass flow distribution
in the combustor, also shown in figure 2(a), was calculated by means
of a computer program for the analysis of annular combustors as des-
cribed in reference 5« No attempt was made to alter the airflow dis-
tribution pattern in this study.
Fuel nozzle injectors. - Two different fuel nozzle injectors were
used in this investigation and are shown in figure 2(b). Configura-
tion Number 1 consisted of two separate passages in which liquid fuel
was injected through a simplex nozzle located in the center of the
assembly and vapor fuel was injected through a series of 8 evenly-
spaced 0.9U mm (0.037 in.) diameter holes (60° included angle)]lb=--
cated on a 1.75 cm (0.69 in.) diameter concentric with the simplex
orifice. Configuration Number 2 was a commercial duplex nozzle with
liquid fuel in the smaller center orifice and vapor fuel in the
larger annular ring.
Gas Sample Technique
Gas samples. - The exhaust gas sample is withdrawn through the
four point air-cooled stationary probe shown in figure 3. The gas
sample probe was located downstream of the traversing probe and in
the center of the exhaust gas stream at station D as shown in figure
1. The gas sample at approximately 2 atmospheres pressure was passed
through an electrically heated sampling line at a temperature of
approximately 2^3 K (760° R) to the gas analyzer. To prevent contam-
ination in the sample line, a nitrogen purge was used prior to and
during combustor ignition.
Gas sample analysis. - The exhaust gas was analyzed for oxides
of nitrogen, carbon monoxide, and total hydrocarbons. Carbon dioxide
was also included to determine and cross-check the fuel-air ratio of
the sample. The gas analysis equipment is shown in figure h and is
in accord with the recommendations set forth in reference 6. Oxides
of nitrogen were analyzed by a chemiluminescent meter. The meter in-
cluded a converter for reducing N02 to NO which was measured. Mea-
surement with and without the converter allows determination of both
NO and N02 content; however, in this study only the total oxides of
nitrogen are reported. The CO and C02 instruments were of the non-
dispersive infra-red type. The total hydrocarbon content was deter-
mined by a flame ionization detector in which a portion of the sample
gas was passed through a hydrogen flame. Concentrations of the oxides
of nitrogen, carbon monoxide, and total hydrocarbons are reported on
a wet basis. The oxides of nitrogen emission index is expressed as
grams of N02 per kilogram of fuel and the total hydrocarbons as grams
of CHrj per kilograms of fuel.
Since practical considerations limited exhaust gas sampling to
only four positions across the exhaust duct, attempts were made to
verify that the gas sampling was representative of the average con-
centration levels at the combustor exit. Two fuel-air ratios were
calculated. The first value was computed from measured quantities
of carbon dioxide, carbon monoxide, and unburned hydrocarbons. The
second fuel-air ratio was obtained from metered value of fuel and
air flow rates. All of the data presented in this report, for which
both values of fuel-air were available, produced gas sample fuel-air
ratios within plus or minus 15 percent of metered values.
Smoke sample. - The exhaust smoke sample was withdrawn through
the moveable exhaust probe which traverses the combustor exit at sta-
tion C as shown in figure 1.. The sample line was heated by means of
stream tracing and the smoke number was determined with the smoke
meter shown in figure 5» The sample was analyzed in accord with SAE
Aerospace Recommended Practice as discussed in reference ?• The gas
flow rate at standard conditions was 2.36x10 "^  m3/sec (0.50 ft3/min.)j,
and four samples were obtained at each test condition for a time
duration of 12, 22, 36 and 72 seconds, respectively. From a plot of
smoke number against weight of gas samples per square centimeter of
filter area, the smoke number at 1.623 grams of gas/cm2 of filter
(0.023 I*8 of gas/in2 of filter) was determined.
Combustor Test Conditions
The combustor was operated at the test conditions shown in
table I* Data for three fuel-air ratio values of 0.008, 0.010, and
O.OlU are presented using liquid ASTM A-l jet fuel, vapor fuel, and
combinations of 25 percent liquid-75 percent vapor, 50 percent liquid-
50 percent vapor, and 75 percent liquid-25 percent vapor fuel were
obtained for each fuel nozzle injector. Not all conditions could lie
obtained due to fuel flow limitations of the injectors.
Fuel Selection
Propane was used to simulate vaporized jet fuel since it is
easier to vaporize and handle than liquid jet fuel; and, the combus-
tion properties are similar to distillate jet fuels. Comparison of
the selected properties of ASTM A-l jet fuel are listed in ta-
ble II;: -As -shown "in!.table II the Blower heating walue,; jflaSifflabality
limits, flame velocity, and flame temperature of propane compare fa-
vorably with ASTM A-l jet liquid fuel. The slight difference in com-
bustion characteristics which might occur would probably not be en-
countered in this program. That is, the test conditions were pri-
marily at high inlet-air temperatures and pressures where combustion
is limited by the mixing process rather than chemical kinetics. Ex-
perimental data in which the proportions of is o -paraffins, eyclo-
paraffins, and normal-paraffins were varied over a wide range in
vaporized jet fuel did not produce any appreciable difference in the
NO, and CO emissions as shown in reference 8.
The difference in the percent of hydrogen between the two fuels
could possibly have an effect on the smoke number. In reference 8
it was shown that for a constant pressure that both the percentage
of hydrogen in the fuel and the inlet -air temperature can effect the
smoke number . Smoke emissions were shown to decrease as the hydrogen
content increased for inlet-air temperatures up to 700 K (1260° R)J
however, at higher inlet-air temperatures the effect of fuel type
was minor. Although ASTM A-l jet fuels can constitute a wide variety
of hydrocarbon types the largest proportion is usually of the n-
paraffin type. In reference 2 it is shown that n-paraffins contain-
ing 2 or more carbon atoms have somewhat similar smoking criteria.
Therefore, considering the percentage of hydrocarbon in the fuel,
the inlet-air temperature, and the hydrocarbon type it would be ex-
pected that the smoke number might be less with propane fuel as com-
pared to vaporized ASTM A-l jet fuel at lower inlet-air temperatures.
At inlet-air temperature levels of 700 K (l26o° R) or more the two
fuels would be expected to be similar.
RESULTS AND DISCUSSION
Effects of the percent of fuel vaporization on exhaust emission
index levels of oxides of nitrogen, carbon monoxide, total hydro-
carbons, and smoke number are presented. Combustion efficiency data
are not presented since levels were of the order of 100 percent at
all test conditions. To establish trends of fuel vaporization ef-
fects independent of injector geometry data from two different types
of fuel nozzle injectors are included. Additional details are pre-
sented in reference .^
Effect of Fuel Vaporization on NOX Emission
Effects of fuel vaporization on NOX emission for a fuel-air ratio
value of 0.01*4- are presented in figures 6, 7> and 8 for variations in
inlet-air temperature, inlet-pressure, and combustor reference veloc-
ity, respectively.
Effect of inlet-air temperature. - In figure 6 the effects of
inlet-air temperature on the NOX emission index for various propor-
tions of vapor fuel are presented for a constant inlet pressure of
10 atmospheres and a combustor reference velocity of 21.3 m/sec
(70 ft/sec). Test results using fuel nozzle injector #1 show that
as the inlet-air temperature is increased from V/8 to 700 K (860 to
12600 R) the NOX emission index increased from 5 to 22 for 0 percent
vapor fuel. The effect of vapor fuel on NOx reduction is negligible
for an inlet-air temperature of kjQ K (860° R). At the higher inlet-
air temperatures the reduction in NO^ that occurred as the propor-
tion of vapor fuel was increased "became more significant. A 22 per-
cent decrease in NOx a* inlet-air temperatures of 5$9 and 700 K
(1060 and 1260O R) was obtained as the fraction of vapor was in-
creased from 0 to 100 percent. Using fuel nozzle injector #2
reductions were similar in trend but smaller in magnitude. One
hundred percent vapor fuel flows were not attainable with fuel noz-
zle injector #2 due to fuel flow limitations.
Factors which effect the NOX emission index include primary zone
equivalence ratio and dwell time which in turn can be effected by the
reaction zone volume, reference 9« An increase in NOX with increas-
ing inlet-air temperature as shown in figure 6 would be expected
since the overall fuel-air ratio (primary zone equivalence ratio) and
combustor reference velocity (dwell time) remained constant. There-
fore, the flame temperature was primarily dependent on the inlet-air
temperature. The reduction of NOX for a constant inlet-air temper-
ature, for variation in the degree of fuel vaporization, and for
variation in fuel nozzle geometry can be attributed to variation in
the effective primary zone equivalence ratio. The primary zone
equivalence ratio is determined by the proportioning of fuel and air.
At an operating overall fuel-air ratio of 0.01^  the primary zone
equivalence ratio was calculated to be 0.75. However, the local
equivalence ratio determines the maximum flame, temperature. If the
system is well mixed the minimum NO-^  emission level would be estab-
lished; however, local stoichiometric regions could lead to higher
NOx emission. In this combustor primary air is introduced through
air swirlers concentric with the fuel nozzles. In the case of fuel
nozzle injector #1 a rather coarse liquid spray was obtained which
could penetrate to the primary air stream. The vapor fuel was in-
jected directly into the air stream by means of 8 jets inclined 30°
into the air stream. With this configuration relatively intense
mixing is established. The higher NOX emission with liquid fuel as
compared to vapor fuel is probably due to local stoichiometric burn-
ing associated with liquid fuel droplets. It is also quite possible
that even with vapor fuel locally rich zones are present due to the
fact that fuel and air do not mix instantaneously. Additional study
would be required to determine the minimum NOX level with a premixed
system.
An additional reduction of approximately 20 percent in NOX level
was obtained with fuel nozzle injector #2 as compared to injector #1.
This reduction in NOX is attributed not to an improvement in mixing
8but due to poorer mixing as a result of the fuel distribution. A
finer spray was inherent with injector #2 which probably did not
penetrate to the primary stream but remained within the center of the
vortex causing a very rich local region. Lower flame temperatures
are associated with rich mixtures so that a reduction in NOX would be
expected, A rich mixture is also very susceptible to smoke forma-
tionj whereas lean mixtures usually burn smoke free. Operation with
fuel nozzle injector #2 produced, a great deal of smoke indicating
insufficient primary zone mixing,
Effect of inlet pressure. - In figure 7 the effects of inlet
pressure on the T80K emission for various proportions of vapor fuel
are presented for a constant inlet-air temperature of 589 K (l06o° R)
and a combustor reference velocity of 21.3 m/sec (70 ft/sec)„ Re-
sults show that as the inlet pressure is increased from h to 20 at-
mospheres the NQjj emission index increased from 7«5 to 15 for 0 percent
vapor fuel and fuel nozzle injector #1. A reduction in NO emission
index of 36 percent was obtained by converting to 100 percent vapor
at a pressure level of 20 atmospheres. Hie NOX emission index was
not obtained at higher inlet-air temperatures due to facility limi-
tations. Results with fuel nozzle injector #2 indicate that there
was no appreciable effect of pressure or degree of fuel vaporization.
Normally it would be expected that an increase in the NOX emission
index would be observed as was the case with fuel nozzle injector
#1. The fact that no increase in WO emission occurred with in-
jector #2 can be attributed to a lower flame temperature as a re-
sult of poor primary zone mixing as evident by excessive smoke.
Effect of reference velocity. - In figure 8 the effects of com-
bustor reference velocity on NO,, emission for various proportions of
vapor fuel are presented with fuel nozzle injector #1 for a constant
inlet-air temperature of 589 K (1060° R) and a pressure of 10 atmo-
spheres. As the reference velocity increased from 15.3 to 2J.k m/
sec (50 to 90 ft/sec) the NO emission index decreased 7 percent
with fuel nozzle injector #1 for 0 percent vapor fuel. As the pro-
portion of vapor fuel was increased to 100 percent a reduction in
NOx of about 16 percent was obtained at a reference velocity of
27.1*. m/sec (90 ft/sec). A reduction in NOX of approximately 53 per-
cent over the same range of reference velocity was observed with in-
jec tor; #2. However, there was no appreciable effect due to vapor
fuel injection. The reduction in NO with increased reference veloc-
ity was anticipated since increasing reference velocity reduces dwell
time in the primary combustion zone.
Effect of Fuel Vaporization on CO Emission
Effects of fuel vaporization on CO emission for a fuel-air ratio
of 0.014 are presented in figures 9, 10, and 11 for variation in
inlet-air temperature, inlet-pressure, and; cumbustor reference veloc-
ity, respectively.
Effect of inlet-air temperature. - In figure 9 the effect of
inlet-air temperature on the CO emissions for various proportions of
vapor fuel are presented for a constant inlet pressure of 10 atmo-
spheres and a combustor reference velocity of 21.3 m/sec (70 ft/
sec). Two points are also included in figure 9 to indicate the CO
emission index level for a simulated idle condition with an inlet-
air temperature of ^ 78 K (860° R), pressure of k atmospheres, ref-
erence velocity of 21.3 m/sec (70 f-t/ sec), and fuel-air ratio of
0.008. A somewhat lower combustion efficiency corresponding to
approximately 95 percent was• bbtaine'd at:.idle as'icompaEe'd'.to1 approx-
imately 100 percent for the parametric study. Results indicate that
as the percentage of vapor fuel is increased from 0 to 100 percent
the CO emission index decreases from 110 to 70, corresponding to an
improvement of 36 percent at idle, conditions. Comparison of the CO
emission index at idle with fuel nozzle injector #2 was not made due
to operational difficulties.
For the parametric variation of combustor inlet-parameters the
results obtained using fuel nozzle injector #1 indicate that aa the
inlet-air temperature is increased from ^ 78 to 700 K (860 to 1260° R)
the CO emission index decreased from 60 to 8 for 0 percent vapor fuel.
With 100 percent vapor fuel injection CO was decreased 33 percent at
the most severe condition which corresponds to an inlet-air temper-
ature of 478 K (860° R). Fuel nozzle injector #2 produced about the
same level of CO. The effect of vapor fuel was more pronounced in
reducing CO with fuel nozzle injector #2 than with fuel nozzle in-
jector #1.
Higher CO emission index levels are evident at the lower inlet-
air temperatures indicating incomplete combustion. The reduction in
combustion efficiency could probably amount to a little over 1 percent
since a loss in efficiency of 1 percent due to carbon monoxide for
liquid ASTM A-l jet fuel would result in a CO emission index level
of ^ 3. The inlet-air temperature of Vf8 K (860° R) is below the
boiling point of the liquid fuel (final boiling point 532 K (956° R)
and coupled with intense mixing the fuel vaporization and burning ,
processes are probably delayed as compared to combustion with higher
inlet-air temperature or 100 percent vapor fuel. As the inlet-air
temperature is increased a sharp drop in CO is observed which re-
flects the improved reaction environment. The largest absolute gain
using vapor fuel in CO reduction is at the lower inlet-air tempera-
tures. At the higher inlet-air temperatures the CO levels are low
so that large percentage gains do not amount to much of an actual
decrease in absolute CO level.
Effect of inlet pressure. - The effect of inlet pressure on the
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CO emission index for various proportions of vapor fuel are shown in
figure 10 for the two fuel nozzle injectors for a constant inlet-air
temperature level of 5^9 K (1060° R) and a combustor reference veloc-
ity of 21.3 m/sec (70 ft/sec). Results using fuel nozzle injector
#1 indicate that as the pressure is increased from 4 to 20 atmo-
spheres the CO emission index level decreased from 46 to 26 for 0
percent vapor fuel. One hundred percent vapor fuel further de-
creased the CO by approximately 28 percent at a pressure of 4 atmo-
spheres. Using fuel nozzle injector #2 the CO emission index was
further reduced from 32 to 12 at a pressure level of 4 atmospheres
as the proportion of vapor was increased from 0 to 50 percent.
Effect of inlet velocity. - The effect of combustor reference
velocity on CO emission index for various proportions of vapor fuel
are shown in figure 11 for the two fuel nozzle injectors for a con-
inlet-air temperature of 589 K (l06o° R) and a pressure of 10 atmo-
spheres. Results using fuel nozzle injector #1 indicate that as the
reference velocity is increased from 15.3 to 27.4 m/sec (50 to 90 ft/
sec) the CO emission index level increased from 25 to 39 f°r 0 per-
cent vapor fuel. The effect of vapor fuel in proportions up to 50
percent did not significantly influence CO formation! however, 100
percent vapor fuel operation decreased the CO emission index ap-
proximately 27 percent at a reference velocity of 27.4 m/sec (90 ft/
sec). The trends shown in figure 11 are consistent in that at the
lower reference velocity the dwell time is increased and the CO
emission reduced.
Effect of Fuel Vaporization on Total Hydrocarbon Emissions
The effect of fuel vaporization on the THC emission index for
variation in inlet-air temperatures is shown in figure 12 for the two
fuel nozzle injectors^  for a pressure of 4 atmospheres and a reference
velocity of 21.3 m/sec (70 ft/sec). Also included for fuel nozzle in-
jector #1 is the THC emission level corresponding to an idle condition,
As shown in figure 12 for the simulated idle condition the THC emis-
sion index is reduced from 21 to 13.5 (36 percent reduction) for :
injector $1 as combustion is converted from 0 to 100 percent vapor
fuel. The level of uribumed hydrocarbons decreases as the fuel-air
ratio is increased for both fuel injectors for a constant inlet-air
temperature of 589 K (l060° R). The THC emission index was near 1
for a fuel-air ratio of 0.014 over a range of vapor fuel flows from
0 to 100 percent. The THC emission index at higher inlet-air temp-
eratures and pressures was so low (generally less than l) that trends
are ambiguous.
nEffect of Fuel Vaporization on Smoke Number
Figure 13 presents the effect of inlet-air total pressure on the
smoke number for various proportions of vapor fuel for a constant
inlet-air temperature of 5^9 K (1060° R) and combustor reference ve-
locity of 21.3 m/sec (70 ft/sec). The smoke number increased from
12 to 27 as the inlet pressure was increased from k to 20 atmo-
spheres for fuel nozzle injector #1 with 0 percent vapor fuel. Op-
eration with 100 percent vapor fuel decreased the smoke number 51
percent at the most severe condition of 20 atmospheres. Fuel noz-
zle injector #2 produced a very sharp increase in smoke number as
the pressure was increased. Values over 80 were indicated at a
pressure level of 20 atmospheres and 0 percent vapor fuel. One hun-
dred percent vapor operation was not obtained with fuel nozzle in-
jector #2| however, at a pressure of 10 atmospheres and 75 percent
vapor a decrease in smoke number of 25 percent was obtained with in-
jector #2 as compared to 66 percent with injector #1.
The difference in smoke number between the two fuel injectors
are consistent with the prior emission index levels. For example,
the NQx emission index was lower with injector #2. This was attrib-
uted to lower flame temperature resulting from an over-rich condi-
tion in the primary zone. An over-rich primary would be susceptible
to producing a smoking condition.
Effect of Fuel Injector Design
It has been shown that combustor exhaust emission were reduced
as combustion was converted from liquid fuel to 100 percent vapor
fuel. A reduction in emissions was :observed with both 'bf the fuel
nozzle injectors. In general, it was necessary to convert to 100
percent vapor before any appreciable decrease in emission index was
obtained. Even if 100 percent vapor fuel were available over the
entire range of operating conditions larger reduction in the NOX
emission level would be desired.
The NOx emission level is strongly dependent on the primary zone
equivalence ratio. The primary zone equivalence ratio was predicted
to be 0.75» It is possible that there may have been local pockets of
fuel which burned at a higher temperature and caused the relatively
high level of NOX. Indications are that the primary zone equivalence
ratio and volume would have to be further reduced in order to lower
the NOX emission. A further reduction in equivalence ratio could
lead to instabilities at idle conditions which could result in in-
creased CO and THC levels. Fuel staging or a variable geometry might
possibly minimize these problems.
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Fuel nozzle injector #2 was shown to operate with an overly rich pri-
mary zone "because of the poor arrangement of the fuel admission ports
and swirler combination. This arrangement is characteristic of the
configuration that would result if vapor fuel were directly substi-
tuted for liquid fuel in a conventional combustor system. Obviously
such an arrangement is unsatisfactory and would require alternate
primary zone mixing methods.
The design, optimization, and development of the fuel nozzle
injector and appropriate primary mixing zone presents a difficult
task. Lowered flame temperature can be achieved by operating at
lean equivalence ratios. However, careiful control of the combustion
process is required in order to prevent locally rich regions. Low-
ered flame temperature can also be achieved by operating with a rich
equivalence ratio. However, excess smoke is produced which required
additional dwell time in order to be consumed.
SUMMARY OF RESULTS
The following results were obtained in a segment of an experi-
mental combustor operating at the following test conditionss inlet-
air temperatures, ^ 78 to 700 K (860 to 1260° R), inlet-air pres-
sures, U to 20 atmospheres; and combustor reference velocities, 15.3
to 27.4 m/sec (50 to 90 ft/sec). Two fuel injector types were used
in which liquid ASTM A-l jet fuel and vapor propane fuel were inde-
pendently controlled to simulate varying degrees of vaporization.
Specific results are presented for a dual fuel injector in which the
liquid fuel was introduced through a simplex nozzle located in the
center of the assembly and vapor fuel injected through a series of
8 evenly-spaced 0.9*4- mm (0.037 in.) diameter holes located oh a diam-
eter concentric with the simplex orifice. Increasing the proportion
of vapor fuel injected into the combustor from 0 to 100 percent for
a constant combustor reference velocity of 21.3 m/sec (70 ft/sec)
indicated the following trends:
1. At an inlet total pressure of 10 atmospheres and fuel-air
ratio of O.OlU the emission index for the oxides of nitrogen de-
creased 22 percent at inlet-air temperature levels of 589 and- 700 K
(1060 and 12600 R) but was not effected at an inlet-air temperature
level of hlQ K (860° R).
2. At an inlet-air temperature of ^ 78 K (860° R), pressure of
k atmospheres, and fuel-air ratio of 0.008 the emission index levels
for carbon monoxide and total hydrocarbons were decreased 36 percent.
3. At an inlet-air temperature of 589 K (1060° R), pressure of
20 atmospheres, and fuel-air ratio of 0.010 the smoke number was de-
creased 51 percent.
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4. Similar reductions in emission levels were observed with
fuel nozzle configuration #2 as the proportion of vapor propane was
increased.
5. Results indicate that changing the amount of vapor alone is
insufficient to obtain major reductions in emission index levels.
Design optimization of the primary zone equivalence ratio would also
be required to achieve further improvement.
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TABIE I. - COMBUSTOR TEST CONDITIONS
Test condition Inlet-pressure, Inlet -temperature
atm K °R
A
B
C
D
E
F
G
10
10
10
If
20
10
10
589
1^ 78
TOO
589
589
589
589
1060
860
1260
1060
1060
1060
1060
Reference
m/sec
21.3
21.3
21.3
21.3
21.3
15.2
27.4
velocity*
ft/sec
70
70
70
70
70
50
90
The reference velocity is based on the total mass flow of air
through the maximun combustor housing cross-sectional area of
0.046U m2(72 In.2)-
15
TABIE II. - PHYSICAL AND CHEMICAL PROPERTIES OF TEST FUELS
ASTM A-l jet fuel Propane*
Distillation
Initial "boiling point
Final boiling point
Lower heating value
334 K (800° R)
532 K (956° R)
43,000 joules/g
(18,600 B/Ib)
231 K (4l6° R)
46,024 joules/g
(19,927 B/lb)
Hydrogen-carbon ratio
Weight percent of hydrogen
Spontaneous ignition
temperature
Flammability limits
Lean fuel-air ratio
Rich fuel-air ratio
Max. flame velocity
Flame temperature
0.160
14.3
523 K (940° R)
0.035
0.27
38 cm/sec
2235 K
0.220
18.2
778 K (1400° R)
0.03^
0.19
43 cm/sec
2252 K
* The propane fuel was a commercial grade about 90 to 92 percent pure.
Impurities were primarily propylene (about 6 to 8 percent) and
traces of ethylene and butane.
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Figure 1. - Test facility and auxiliary equipment.
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Figure 2. - Schematic of combustor assembly. Combustor width 0.31 m (12 in.),
length 0.32 m (12.5 in.), and maximum combustor housing height 0.15 m
(6 in.).
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Figure 6. - Summary of the effect of combustor inlet-air temperature on
NOX emission index over a range of vaporized fuel proportions for a con-
stant pressure of 10 atm, reference velocity of 21.3 m/sec (70 ft/sec), and
fuel-air ratio of 0.014.
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Figure 7. - Summary of the effect of combustor inlet-air
pressure on NO^ emission index over a range of vapor-
ized fuel proportions for a constant inlet-air tempera-
ture of 589 K (1060° R), reference velocity of 21.3 m/sec
(70 ft/sec).
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Figure 8. - Summary of the effect of combustor reference velocity on NOX emis-
sion index over a range of vaporized fuel proportions for a constant inlet-air
temperature of 589 K (1060° R), a pressure of 10 atm, and a fuel-air ratio of
0.014.
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Figure 9. - Summary of the effect of combustor in let-air temperature
on CO emission index over a range of vaporized fuel percentages for
a constant pressure of 10 atm, a reference velocity of 21.3 m/sec
(70 ft/sec), and a fuel-air ratio of 0.014 except as noted.
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Figure 11. - Summary of the effect of combustor reference velocity on CO
emission index over a range of vaporized fuel proportions for a constant
inlet-air temperature of 589 K (1060° R), a pressure of 10 atm, and a
fuel-air ratio of 0.014.
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Figure 12. - Effect of fuel vaporization on THC emission in-
dex for two temperature levels, a constant pressure of
4 atm, and a reference velocity of 21.3 m/sec (70 ft/sec).
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Figure 13. - Summary of the effect of combustor inlet-air
pressure on Smoke Number over a range of vaporized
fuel proportions for a constant inlet-air temperature of
589 K (1060° R), a reference velocity of 21.3 m/sec
(70 ft/sec), and a fuel-air ratio of 0.010.
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